Background. In the canine model, an upper limit of shock strength exists that can induce ventricular fibrillation during the vulnerable period of the cardiac cycle. This shock strength (the upper limit of vulnerability) closely correlates with the defibrillation threshold and supports the "upper limit of vulnerability" hypothesis of defibrillation. It is not known whether an upper limit of vulnerability exists in humans or whether this limit correlates with the defibrillation threshold.
new activation fronts that reinitiate ventricular fibrillation. To successfully defibrillate, the shock strength must reach or exceed the upper limit of vulnerability. This hypothesis has been supported in part by 1) the demonstration of an upper limit of vulnerability of shock strength above which a shock cannot induce fibrillation even during the vulnerable period of the cardiac cycle2,5-7 and 2) evidence that this upper limit of vulnerability correlated well with the defibrillation threshold both at baselineZ6,7 and during lidocaine infusion.8 Because the conventional method of determining the upper limit of vulnerability requires scanning the T wave with multiple high-energy shocks that can potentially result in myocardial damage and prolong the duration of surgery, the correlation between the upper limit of vulnerability and the defibrillation threshold has not been demonstrated in humans. In an earlier study we developed a method to determine the upper limit of vulnerability by giving shocks only at the mid-upslope of the T wave during ventricular paced rhythm in a canine model. 9 This method significantly reduced the number of shocks required to approximate the defibrillation threshold, thus making it possible to test the upper limit of vulnerability hypothesis in humans by comparing the upper limit of vulnerability and the defibrillation threshold during implantation of the implantable cardioverterdefibrillator (ICD).
Methods
The protocol of this study was approved by the Human Subjects Committees of the University of California at San Diego, the San Diego Veterans Affairs Medical Centers, and the Cedars-Sinai Medical Center (Los Angeles). Patients undergoing surgery for the implantation of an ICD from January 1991 to November 1992 were asked to participate. All patients received routine medical care before, during, and after surgery. Ventricular pacing was performed with bipolar sensing electrodes or temporary pacing wires placed at the left ventricular apex or free wall. A multichannel programmable stimulator was used to drive constant-current isolation units (Bloom, Reading, Pa.) to give 5-msec stimuli at twice cathodal diastolic threshold as the baseline drive (S,). The S, cycle length was either 400 msec or 500 msec to overdrive the underlying heart rate.9 A total of eight to 11 S, stimuli were given. The ECG leads I, II, and III were recorded on a strip-chart recorder with a paper speed of 100 mm/sec. In the first eight patients, the interval between the onset of the last stimulus artifact and the mid-upslope of the positive T wave or the mid-downslope of the negative T wave was determined on ECG lead II according to a previously described method.9 This interval was used to program the second channel of the programmable stimulator to deliver a premature stimulus (S2) to a high-voltage stimulator (HVS-02, Ventritex; Sunnyvale, Calif.). The S2 was used as an external signal to trigger the immediate delivery from the HVS-02 a high-voltage truncated exponential shock with a 6-msec pulse duration and variable tilt to the mid-upslope of a positive T wave (or the mid-downslope of a negative T wave) to induce ventricular fibrillation and then determine the upper limit of vulnerability. These shocks were delivered by the defibrillation electrodes. Once ventricular fibrillation was induced, attempted defibrillation shocks were delivered by the same electrodes to determine the defibrillation threshold.
The results of the first eight patients showed that the average S1S2 interval was approximately 300 msec. To investigate whether an S1S2 interval of 300 msec can be used to determine the ULV_% without the need to accurately determine the mid-upslope of the T wave, in patients 9, 10, and 11, we first determined the ULV50 with an S1S2 interval of 300 msec, then determined the ULV50 with an S1S2 interval that fell on the mid-upslope of the T wave. In patients 12 and 13, only an S1S2 interval of 300 msec was used because the clinical condition of these two patients limited the number of tests that could be done.
Delayed Up-Down Algorithm for Upper Limit of Vulnerability Determination
Recent studies10 have shown that the upper limit of vulnerability, like the defibrillation threshold,," is a probability function. Thus, we used the "four-episode delayed up-down algorithm"12 to determine the shock strength associated with a 50% probability of reaching the upper limit of vulnerability (ULV50) and the shock strength associated with a 50% probability of successful defibrillation (DFT5o). A detailed description of this induce ventricular fibrillation, the shock strength was decreased by a certain 8 value for the next shock. If a shock resulted in ventricular fibrillation, the shock strength was increased by the same 8 value for the next shock. There was an interval of at least 1 minute between shocks that failed to induce ventricular fibrillation and 3 minutes between the ventricular fibrillation episodes. For this study, we used 5 J as the 8 value for patients whose ULV50 appeared to be >5 J. For patients with an ULV50 of <5 J, we chose 2.5 J as the 8 value. If a 2.5 -J shock failed to induce ventricular fibrillation, we gave a small shock of < 1 J to induce ventricular fibrillation. The next shock was again 2.5 J.
The algorithm started to count the four required observations only when the first reversal in response (from no ventricular fibrillation to ventricular fibrillation by decreasing shock strength or from ventricular fibrillation to no ventricular fibrillation by increasing shock strength) was observed. The shock strength before the reversal of response was the first data point, and the shock strength after the reversal of response was the second data point. After obtaining the third and the fourth data points by the same up-down algorithm, the fifth data point was predicted based on the results of the fourth data point. The average of these five shock strengths was considered to be the ULV50. 9 In patients whose clinical condition required fewer or a limited number of ventricular fibrillation episodes, we performed an abbreviated protocol. The shock strength before the reversal of response was the first data point, and the shock strength after the reversal of response was the second data point. The third data point was predicted based on the results of the second data point. The average of these three shock strengths was the ULV50.
We8 have demonstrated previously in the canine model that the DFT50 determined with ventricular fibrillation induced during the ULV50 testing did not differ significantly from the DFT5o determined by ventricular fibrillation induced with rapid ventricular pacing. Therefore, to decrease the number of ventricular fibrillation episodes, the ventricular fibrillation episode induced during the ULV50 testing was used to test the DFTsO.
Delayed Up-Down Algorithm for Defibrillation Threshold Determination
The same delayed up-down algorithm9'12 was used for the DFT0o determination. The first shock strength was 5 J stronger than the shock strength that successfully induced ventricular fibrillation during the ULV50 testing. Although the first shock strength does not affect the results of the DFTso testing based on the delayed up-down algorithm,12 selecting shock strengths near the DFTI5 as the first shock can decrease the number of ventricular fibrillation episodes needed. If the shock successfully defibrillated, the shock strength was decreased by a certain 8 value for the next shock. If the shock failed to defibrillate, the shock strength was increased by the same 8 value for the next shock. All shocks were delivered within 15 seconds of the onset of ventricular fibrillation.13 For this study, we used 5 J as the 8 value for patients whose DFTso appeared to be >5 algorithm has been reported.9'12 The first shock strength was approximately 15-20 J. If this initial shock failed to J. For patients with a DFI'so of <5 J, we chose 2.5 J as the 8 value. If a 2.5 J shock successfully defibrillated, we assumed that the next shock was 0 J and failed to defibrillate. The subsequent shock was again 2.5 J. The shock strength before the reversal of response was the first data point, and the shock strength after the reversal of response was the second data point. After obtaining the third and the fourth data points by the same up-down algorithm, the fifth data point was predicted based on the results of the fourth data point. The average of these five shock strengths was the DFT50. 12 In patients whose clinical condition required fewer or a limited number of ventricular fibrillation episodes, we performed an abbreviated protocol. The shock strength before the reversal of response was the first data point, and the shock strength after the reversal of response was the second data point. The third data point was predicted based on the results of the second data point. The average of these three shock strengths was the DFT50.
All patients received ECG examinations after surgery. In each of the first eight patients, a serial creatinine kinase (CK) and a CK-MB isoenzyme determination was performed during the first 24 hours after surgery.
Statistical analyses were performed using SYSTAT.14 t Tests, Pearson correlation coefficient tests, and linear regression analysis were used to compare the ULV 0 and the DFT50. A probability value of .0.05 was considered significant.
Results A total of 13 patients were included in this report. The clinical characteristics of these 13 patients are presented in Table 1 . Antiarrhythmic medications of 10 of the 13 patients had been discontinued for more than five half-lives before the study ( Table 2) . No patient was receiving amiodarone. Patient 3 was receiving a .8-blocking agent (propranolol) at the time of surgery. The serum potassium level before surgery was normal for each patient, with a mean of 4.6±0.3 mEq/L. The serum magnesium level was normal in patients 1, 2, 7, 10, and 13. Patient 11 had a magnesium level of 1.5 mg/dL. The preoperative serum magnesium levels on other patients were not available.
In patients 1-11, one or two patch electrodes were used. These electrodes were made by CPI, St. Paul, Minn. The patch electrodes were placed inside the pericardium in patient 7 and outside the pericardium in patients 1, 2, 4, 5, 6, 8, 10, and 11. The patch locations for patients 3 and 9 are unknown. Patients 3, 8, and 9 underwent surgery for ICD generator replacement. The chest was not opened in these three patients. In each patient, the left ventricular patch was used as the cathode and the right ventricular patch or the spring electrode was used as the anode for defibrillation shocks.
Patients 12 and 13 had endocardial electrodes implanted by nonthoracotomy techniques. These electrodes were made by Medtronic, Inc., Minneapolis, Minn. Patient 12 received shocks with an electrode in the superior vena cava as an anode and an electrode in the right ventricular apex as a cathode. Patient 13 received shocks with electrodes in the superior vena cava and the skin patch as anodes and an electrode in the right ventricular apex as the cathode.
The first 11 patients completed the delayed fourepisode up-down algorithm for both the ULV50 and the DF5so determination. In patients 12 and 13, after the first few episodes of fibrillation-defibrillation, it became apparent that these shock pathways were associated with a defibrillation threshold that was too high to allow implantation of the device. To limit the number of fibrillation episodes and to allow for the testing of other defibrillation shock pathways, an abbreviated protocol was used to determine the ULV50 and the DFT5o in these patients.
Upper Limit of Vulnerability and Defibrillation Threshold
In each patient, an upper limit of vulnerability was demonstrated. An example of ventricular fibrillation induction during the ULV50 testing is shown in Figure 1 .
The interval from the onset of ventricular fibrillation to SIS2 interval, interval from the last S, to the time of shock in ULV50 (shock strength associated with a 50% probability of reaching the upper limit of vulnerability) testing; DFT5o, shock strength associated with a 50% probability of reaching the defibrillation threshold.
the first attempted defibrillation shock was 10.5±2.1 seconds (range, 6.5-15 seconds). The actual values of the shock strengths associated with ULV50 and shock strengths associated with DFT50 are presented in Table   2 . The mean ULV50 (300±138 V or 6.8±5.8 J, mean±SD) was significantly lower than the mean DFT50 (347±167 V or 9.1±7.3 J) for all patients combined.
The correlation coefficient between the ULV50 and the DFT50 was 0.90 (p<0.001) for voltage and 0.93 (p<O.OOl) for energy ( Figure 2 ). SJS2 Intervals Selected for ULV50 Determination In six of the first eight patients, the ULV50 was determined with the first selected S1S2 interval. In two of the first eight patients, however, the onset of the T wave was incorrectly determined, which resulted in the miscalculation of the S1S2 interval. A second S1S2 interval was then tested before the ULV50 was determined. Figure 3 shows an example from patient 8. The first S1S2 interval was incorrectly calculated because a retrograde P wave altered the morphology of the ST segment on the ECG. Ventricular fibrillation could not be induced with this miscalculated S1S2 interval. The retrograde P wave was then recognized, and the S1S2 interval was redetermined. With this new S1S2 interval, ventricular fibrillation was induced and the ULV50 was successfully determined. The final S1S2 interval used for the ULV50 testing in the first eight patients averaged 297A31 msec.
Based on the results of the first eight patients, an S1S2 interval of 300 msec approximates the mid-upslope of the T waves in most patients. To test whether the selection of the S1S2 interval can be simplified, we determined the ULV50 in patients 9, 10, and 11 with an S1S2 interval of 300 msec, then determined the ULV50 in the same patients with an S1S2 interval that was calculated to be the mid-upslope of the T wave. The midupslope of the T wave was calculated to be 275 msec, 270 msec, and 312 msec from the last S, pacing artifact for patients 9, 10, and 11, respectively. With these S1S2 intervals, the ULV50 determined for patient 10 was 133 V or 1.6 J and for patient 11 was 120 V or 1.4 J. These values were close to the ULV50 determined at 300 msec S1S2 intervals and the DFT50 ( Table 2) . Ventricular fibrillation could not be induced with shocks as low as 210 V or 2.5 J in patient 9 with the S1S2 interval of 275 msec, whereas the ULV50 determined with an S1S2 interval of 300 msec in the same patient approximates that of the DFT50 (Table 2 ). Because the clinical situa- Tracing:. Alteration of T wave morphology by retrograde P waves (from patient 8). The ventricles were paced by the sensing electrode at the left ventricular base with a cycle length of 500 msec. The stimulus (S) captured the ventricles and resulted in an upright QRS complex and a negative T wave in lead II. Retrograde Wenckebach block was observed. The peak of the T wave was easily identified and occurred 340 msec after the stimulus. However, because of the retrograde P waves (P), the onset of the T wave was initially misidentified to be 200 msec after the onset of the stimulus artifact (open arrow). Thus, the interval from stimulus to the mid-downslope of the T wave was cakculated to be 270 msec. Shocks given 270 msec after the last S, stimulus failed to induce ventricular fibrillation. Subsequent review of the tracing led to the discover of the retrograde P wave. The onset of the T wave actually occurred 260 msec after the stimulus artifact (filled arrow), and the mid-downslope of the T wave was caculated to be 300 msec after the stimulus. The ULV50 (50% probability of reaching the upper limit of variability) was then redetermined with good results. tion of patients 12 and 13 did not allow repeated ULVso determination, the ULV,0 was only determined with an S1S2 interval of 300 msec in these two patients. The correlations between the ULV,0 and the DFTo in the last five patients were 0.98 (pA0.05) for voltage and 0.97 (pAO.006) for energy. These preliminary data showed that a fixed S1S2 interval of 300 msec may be as effective as the actual mid-upslope of the T wave in determining the ULV,0 and avoid uncertainty associated with determining the onset of the T wave in some patients.
Safety of ULV50 and DFT50 Determination
All 13 patients survived surgery and were discharged from the hospital in good condition. None had clinical or ECG evidence of perioperative infarction.
In the first eight patients, the total energy delivered per patient was 103 A48 J (range, 57-204 J). During the first 24 hours after surgery, CK averaged 564A562 IU (range, 57-2,570 IU). The CK-MB averaged 9A11 IU (range, 0-39 IU). In two patients, the concentration of CK-MB exceeded 2.5% of the total CK. This circumstance includes patient 5, who had concomitant coronary bypass grafting; he had a peak CK-MB of 39 IU and a peak relative index of 3.0%. Patient 6 had over 10 spontaneous consecutive ICD discharges during the immediate postoperative period caused by ventricular tachycardia triggered by atrial fibrillation. His CK-MB peaked at 16.5 IU, with a maximal index of 2.6%. Discussion
Correlation Between ULV50 and DFT50
The development of the ICD1"56 has improved the treatment of patients at high risk of sudden cardiac death. However, the precise mechanism by which ventricular defibrillation occurs is unknown. Based on the results of our animal experiments,1-4 we proposed the upper limit of vulnerability hypothesis to explain the mechanism of defibrillation. Major evidence in support of this hypothesis includes the existence of an upper limit of vulnerability above which an electrical stimulus cannot induce ventricular fibrillation,5 and the fact that this upper limit of vulnerability correlates closely with the defibrillation threshold in the canine model.2,6,7 For a shock to be successful in defibrillation, the shock strength must be equal to or higher than the upper limit of vulnerability. In this study, we demonstrated that the DFTso was slightly higher than the ULV50 and that the two values were closely correlated. These data are compatible with the upper limit of vulnerability hypothesis.
Preliminary human data obtained by other investiga-tors1718 have also shown the presence of an upper limit of vulnerability in humans. However, because different experimental protocols were used, comparisons between our study and that of others are difficult.
Clinical Application of ULV50 Testing
To test the placement of the defibrillation electrodes, defibrillation threshold testing is routinely performed during ICD implantation.19 Because repeated induction of ventricular fibrillation may result in cerebral ischemia,20 most centers do not perform enough episodes of defibrillation testing to accurately determine the defibrillation threshold. 19 Upper limit of vulnerability testing can potentially improve the defibrillation threshold testing because it may provide an accurate estimate of the defibrillation threshold without inducing ventricular fibrillation. The results of our study, however, showed that significant differences between the ULV,0 and the DFT50 may be present in some patients.
The reason for the discrepancies between the ULVs0 and the DFT,0 in some patients is unclear. One of the most likely explanations is that the S1S2 intervals selected in this study may not correspond with the most vulnerable phase of the cardiac cycle because of the following reasons: 1) the location of the pacing electrodes may affect the activation and hence the repolarization sequences.21'22 Thus, the most vulnerable period of the cardiac cycle may not be at the mid-upslope of the T wave. 2) Because the T waves peak at different times in different ECG leads, the timing of the mid-upslope of the T wave may differ, depending on the ECG leads used.
3) The onset of the T wave may be difficult to determine in some patients, especially when a retrograde P wave is present (Figure 3 ). In the last five patients of this study, we used a 300-msec S1S2 interval to approximate the mid-upslope of the T wave and hence eliminated the need to accurately determine the onset of the T waves. Although the results in these five patients showed that the ULV,0 determined by this method still correlated with the DFT,0, large differences existed in patients 12 and 13. More studies will be needed to design a better method to choose the S1S2 intervals for individual patients and to determine whether the ULV50 can predict the DFTso with sufficient accuracy to be applied clinically.
Limitations of the Study
In addition to the problems associated with the selection of the most appropriate S1S2 intervals for ULV50 testing, several additional limitations exist in this study. First, to protect the research subjects, we chose not to scan the entire ventricular vulnerable period with high-energy shocks as we often do in the animal laboratory.2'8 Thus, we can only conclude that an upper limit of vulnerability is present when the shocks were given to the mid-upslope of a positive T wave or the middownslope of negative T wave. The same conclusion does not necessarily apply to the other parts of the cardiac cycle.
A second limitation is that we did not test the effects of antiarrhythmic medications on the relation between the ULV50 and the DFPIo in humans. In the canine model, a high dose of lidocaine increased both the ULV50 and the DFI50.8 However, the increment in the ULV50 was greater than the increment in the DFT50. In addition, by altering the depolarization and the repolarization characteristics, antiarrhythmic medications may affect the timing of the most vulnerable phase of the cardiac cycle, making it difficult to determine the optimum timing of shocks for ULV50 testing. In this series, one patient had a DFT,0 of 11.1 J and an ULV50 of 2.5 J (Table 2 ). Because this patient was on procainamide and mexiletine until the day before surgery, it is possible that the antiarrhythmic medications contributed to the large discrepancy of these values.
A third issue is the safety of giving repeated shocks to patients for ULVs0 testing. Avitall et a123 reported that no myocardial injury could be detected even when shocks totaling 330 J were given, provided that the shocks were delivered at a rate of less than one shock per minute. The results of our study are compatible with theirs and showed that the risk of myocardial injury by repeated shocks is small. On the other hand, there is a cumulative depressive effect of repeated ventricular fibrillation episodes on electroencephalographic activities.20 By decreasing the number of ventricular fibrillation episodes, the upper limit of vulnerability testing may actually improve the safety of ICD implantation. Further studies will be needed to test this hypothesis.
